Introduction {#sec1}
============

Vaccine delivery aims to manipulate immune responses by targeted delivery of an antigen using micro/nanometer-sized carriers to immune cells for protection and/or treatment against infectious diseases and cancers.^[@ref1]−[@ref3]^ When antigens such as recombinant proteins and synthetic peptides are taken up by antigen-presenting cells (APCs), they are processed and presented on the APCs, which activates naïve T cells and induces antigen-specific immune responses.^[@ref4],[@ref5]^ For immunomanipulation, micro/nanometer-sized polymeric carriers including biodegradable particles,^[@ref6],[@ref7]^ micelles,^[@ref8]^ and microgels^[@ref9]^ have been investigated due to their abilities of biodegradability, encapsulation of antigens, targeting by ligands, enhanced uptake by APCs, long-term circulation, and control of the release kinetics. These micro/nanotechnologies may offer an efficient delivery system that provides high therapeutic efficacy and minimizes adverse side effects, thus serving as a safe carrier.^[@ref10]^ Despite considerable efforts, these materials suffer from potential drawbacks including the lack of biocompatibility due to the use of nonbiodegradable, toxic materials like synthetic surfactants or polymers and the low encapsulation efficiency of antigens, which limits the translation of the delivery system to clinical use. The ideal vaccine delivery system should deliver antigens to APCs without using any material apart from the antigen for initiating immune responses.

Antigen particles have attracted much attention as an emerging carrier that does not require carrier materials, and the antigen itself acts as a carrier.^[@ref11]−[@ref15]^ Assembling of proteins through hydrophobic or electrostatic interactions,^[@ref11],[@ref12]^ molding,^[@ref13]^ spray-freeze-drying,^[@ref14]^ and chemical cross-linking^[@ref15]^ form protein particles ranging from hundreds of nanometers to tens of micrometers in size, which might provide safe and efficient vaccination without the use of additional synthetic materials. However, these methods have problems in stability, polydispersity, versatility, and biocompatibility. Moreover, none of them allows for the geometric design and control of particle geometry, although physical properties including size, mechanical strength, topology, and compartmentalization play a major role along with chemical properties.^[@ref16]−[@ref18]^ In nature, bacteria and viruses display a variety of morphologies, and this diversity of shapes highlights the significance of physical properties in functions for their survival or infection to the host.^[@ref16]^ Along with these, it is also known that particle shape influences the interaction with the cell membrane,^[@ref19]^ phagocytic internalization,^[@ref20]^ and circulation in the blood,^[@ref21]^ which indicates that the geometric design and control of particle shape regulate the immune response. Despite these early studies, there is little mechanistic understanding of the effects of particle shape on immune response due to the limitation of fabrication methods for micro/nanoparticles, especially for those composed of proteins. Therefore, a novel approach to rationally design monodisperse, biocompatible antigen particles is required.

Here, we report a three-dimensional (3D)-printing approach to fabricate carrier-free, shape-controlled antigen nanoparticles (ANPs) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The 3D structures of ANPs were designed with a computer-aided design (CAD) system, and ANPs were prepared using multiphoton lithography (MPL).^[@ref22],[@ref23]^ MPL is one of the most powerful 3D-printing platforms to achieve 3D-micro/nanofabrication at high spatial resolution due to the nonlinearity of the optical process (∼200 nm). Through the two-photon excitation of a photosensitizer and radical production on the amino acids in antigens,^[@ref24],[@ref25]^ antigens were chemically cross-linked to form shape-designed ANPs. The MPL-based 3D-printing approach allows for the fabrication of ANP features on a nanometer scale because the cross-linking reaction is confined to the focal laser volume. We addressed the preparation of ANPs using MPL and tunability of particle shape. Furthermore, shape-dependent immune responses of 3D-printed ANPs with distinct aspect ratios (ARs) were evaluated.

![Schematic illustration of the 3D-printing system of ANPs. According to the particle design, a photoresist composed of an antigen and a photosensitizer was used to fabricate shape-defined ANPs by the MPL-based 3D-printing system. The resolution of this system depends on the size of the focal points. The ANPs were taken up by APCs (macrophage) and triggered adaptive immune responses depending on particle shape.](bm9b01775_0001){#fig1}

Materials and Methods {#sec2}
=====================

3D-Printing of ANPs {#sec2.1}
-------------------

Protein photoresists for ANPs were prepared by dissolving 40 wt % proteins and 5 mM photosensitizer, rose bengal (RB, Sigma-Aldrich), in phosphate-buffered saline (PBS, pH = 7.4) at 37 °C. Three types of proteins were employed: bovine serum albumin (BSA, *M*~w~ = 67 kDa, Sigma-Aldrich), ovalbumin (OVA, albumin from chicken egg, *M*~w~ = 10 kDa, Sigma-Aldrich), and gelatin (*M*~w~ = 10 kDa, Sigma-Aldrich). Protein photoresists were stored at 4 °C up to 1 week. Before use for MPL, the prepared photoresist was filtrated with a 0.2 μm syringe filter (Whatman). To avoid drying of the photoresist, the photoresist was placed on a coverslip (30 mm in diameter, 0.13--0.16 mm in thickness) with a chamber of poly(dimethylsiloxane) (PDMS; outer dimension of 15 × 15 mm^2^ and inner dimension of 10 × 10 mm^2^) and covered with a 15 × 15 mm^2^ coverslip. The MPL process was performed using the Photonic Professional DLW system (Nanoscribe GmbH, Germany) with an oil-immersion 63× objective lens (numerical aperture (NA): 1.4, Zeiss, Germany). A femtosecond laser (emission wavelength: 780 nm, pulse width: 120 fs, and repetition rate: 100 MHz) was used as a laser source. The structures were designed using CAD software (AutoCAD, Autodesk, CA), and the virus-like structure models were designed using CAD based on the models from NIH 3D Print Exchange. A laser power of 50 mW and a scanning speed of 2000 μm/s were used for MPL of ANPs. ANPs were printed in the solution 10 μm away from a glass substrate to prevent sticking on the glass. The MPL process was carried out for 24 h, and then, the protein photoresist was collected from a chamber by pipetting. The obtained ANPs were purified by dialysis in PBS (pH = 7.4) using a dialysis membrane with a 100 kDa molecular weight cutoff (Spectrum Labs) to remove unreacted proteins and photosensitizer. After 3 days of dialysis, the solution was freeze-dried to obtain ca. 5 mg of ANPs. ANPs were reconstituted with ultrapure water since these contained the salts from PBS.

Characterization of ANPs {#sec2.2}
------------------------

The reconstituted ANPs were observed by a confocal laser scanning microscope (CLSM, Leica TCS SPE, Leica, Germany). Since the photosensitizer was conjugated to ANPs through a radical reaction, ANPs could be observed by a fluorescence microscope (excitation wavelength of RB: ∼550 nm). ANPs were placed on a coverslip and observed by an oil-immersion 63× objective lens (NA: 1.4, Leica, Germany). The obtained images by a CLSM or an optical microscope were analyzed using Leica Application Suite AF Lite (Leica, Germany) or ImageJ. Scanning electron microscopy (SEM) was performed with an S-4800 ultrahigh-resolution SEM (HITACHI, Japan). Samples were coated with gold, 6 nm in thickness, by spattering for the observation. The accelerating voltage and working distance were set to 10 kV and 10--15 mm, respectively. The size distributions of ANPs in PBS were measured by a dynamic light scattering (DLS) method using a Zetasizer Nano ZS (Malvern Instruments, U.K.).

Cell Culture {#sec2.3}
------------

The murine macrophage-like cell line RAW264.7 (ECACC, England) was cultured in Dulbecco's modified Eagle's medium (DMEM, Wako Pure Chemical Industries, Japan) containing 10% fetal bovine serum (FBS), 100 units/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B. The cells were incubated in 5% CO~2~ at 37 °C.

Cellular Uptake of ANPs {#sec2.4}
-----------------------

The uptake of ANPs by RAW264.7 was observed by CLSM and analyzed using flow cytometry. The RAW264.7 cells (1 × 10^6^) after trypsinization were incubated with ANPs (50 μg/mL, aspect ratio 10 (AR10)) in PBS for 1 h at 37 °C. After the centrifugation, the cells were washed with PBS and fixed with a 10% formalin solution. The cells were placed on a coverslip and observed by CLSM (Fv10i, Olympus, Japan). The cell-associated fluorescence was measured by flow cytometry (Cell Sorter SH800, Sony, Japan).

Cytocompatibility and E**nzyme-Linked Immunosorbent Assay (**ELISA) {#sec2.5}
-------------------------------------------------------------------

The cytocompatibility of ANPs and the secretion of tumor necrosis factor-α (TNF-α) from macrophage-like cells exposed to ANPs were measured using a lactate dehydrogenase (LDH) assay kit (Cayman Chemical) and ELISA assay (Thermo Fisher Scientific). Then, 2.5 × 10^4^ RAW264.7 cells were seeded onto a 48-well plate and cultured in DMEM for 24 h. The culture medium was then replaced by a medium containing a mixture of BSA and OVA (9:1 (w/w), 50 μg/mL) and ANPs with AR1, AR3, and AR10. After 24 h of incubation at 37 °C, the supernatant was collected from each well and LDH and ELISA assays were performed according to the manufacturer's procedures.

Statistical Analysis {#sec2.6}
--------------------

All data were expressed as means ± standard deviation (SD) from three independent experiments unless otherwise specified. Statistical differences from ELISA analyses were determined by one-way analysis of variance (ANOVA) with the Tukey--Kramer method. A *p* value less than 0.05 was considered to be statistically significant.

Results and Discussion {#sec3}
======================

Preparation of ANPs by MPL {#sec3.1}
--------------------------

For 3D-printing of ANPs by MPL, a photoresist composed of an antigen and a photosensitizer was chemically cross-linked by radical formation on amino acids containing an aromatic group through the two-photon excitation of the photosensitizer. Through this reaction, ANPs were formed in the focal volume of a laser beam, which was substantially confined due to the nonlinear optical process. The lateral and axial radii of the focal point are estimated as 150 and 240 nm, respectively^[@ref26]^ (numerical aperture: 1.4, refractive index of photoresist, *n*: 1.41,^[@ref27]^ wavelength of light: 780 nm), which determines the resolution of 3D-printing. As a model protein, bovine serum albumin (BSA), which is well known as an experimental model antigen, was employed. The 40 wt % BSA and 5 mM RB as a photosensitizer were dissolved in PBS. The protein photoresist on a coverslip was placed on the stage of MPL with a pulsed femtosecond laser, a 3D-piezo scanning stage, and an oil-immersion 63× objective lens. We started with the design and printing of an array of cuboid ANPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). For the mass production of ANPs, the design of a cuboid was simplified and composed of five overlapped lines with a 100 nm hatching distance (500 nm × 500 nm × 240 nm in design). The printed ANPs were purified by dialysis and freeze-dried. DLS measurements showed that the size of ANPs was homogeneously distributed and the average diameter was 690 nm after the purification process, which was in good agreement with the original design ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). These ANPs were stable after the freeze-drying process, which is important for storage, transport, and less contamination. Fourier transform infrared (FT-IR) spectroscopic measurements showed the presence of RB in ANPs because a small fraction of RB was linked to ANPs through a radical reaction during the particle formation ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01775/suppl_file/bm9b01775_si_001.pdf)). Therefore, the obtained ANPs can be visualized by fluorescence observations. CLSM displayed the successful preparation of BSA ANPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). Moreover, the 3D-printing system of ANPs does not require any complicated processes including the use of toxic materials, encapsulation of antigens, and labeling for visualization.

![(a) Design of an array of cuboid particles (500 nm × 500 nm × 240 nm). (b) DLS measurement of the mixture of BSA and BSA ANPs before and after purification by dialysis and freeze-drying. (c) CLSM image of ANPs labeled with RB. Scale bar, 20 μm.](bm9b01775_0002){#fig2}

3D-Printing of Complex Nanostructures {#sec3.2}
-------------------------------------

The 3D-printing system by MPL allows for the rational design and precise control of the geometry of particles. To achieve morphological control of ANPs over a micro/nanoscale, we addressed the preparation of virus-like microparticles with nanoscale topological complexity. SEM images show a sphere 5 μm in diameter with a smooth surface and sub-microscale spiky projections and a virus-like structure ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--d). Furthermore, to confirm the resolution of this system, we designed 500 nm diameter ANPs with different morphologies: triangular, square, crossed, and ring-shaped ANPs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e--h). The resolution of the structure is more than 200--250 nm, which corresponds to the theoretical lateral and axial radii of the focal point (150 and 240 nm, respectively). These results suggest that the MPL-based 3D-printing approach is suitable to fabricate shape-designed micro/nanometer-sized ANPs with topological complexity that mimics the morphologies of bacteria and viruses in nature. As in nature, the complex shape of the viruses enables them to efficiently infect the host, this technique, which can precisely prepare a virus-like structure, would be of great advantage for a novel vaccine system to elicit immune responses with higher efficiency and lower toxicity than the conventional vaccines. Since this method is based on cross-linking of amino acids in proteins, a variety of proteins can be applied to fabricate ANPs. OVA and gelatin were used as model proteins. The photoresist of BSA was efficiently cross-linked, while that of OVA formed few ANPs due to the intrinsic properties of proteins including the molecular weight, solubility, viscosity, and sequence of amino acids ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}i). On the other hand, the gelatin photoresist easily formed protein particles because, during the particle formation, gelation occurred at room temperature and the viscosity was increased, which facilitated the cross-linking. This result highlights the versatility of this method for a vaccine system. Based on this result, a mixture of BSA and OVA (9:1 (w/w)) was used for the following experiments since BSA shows an efficient cross-linking reaction and OVA is a well-known antigen model. The obtained BSA--OVA ANPs were also monodisperse after the purification ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01775/suppl_file/bm9b01775_si_001.pdf)).

![(a--h) Design and SEM images of ANPs with distinct morphologies: (a) sphere, (b, c) particle with a spiky projection, (d) virus-like structure, (e) triangle, (f) square, (g) cross, and (h) ring shape. (i) Phase-contrast images of ANPs composed of 10 wt % BSA, OVA, and gelatin and 5 mM RB. A laser intensity of 100 mW and scanning speeds of 2000 μm/s for BSA and gelatin and 400 μm/s for OVA were used. Scale bars, 20 μm.](bm9b01775_0003){#fig3}

Induction of Immune Responses by 3D-Designed ANPs {#sec3.3}
-------------------------------------------------

To evaluate the ability of 3D-printed ANPs and the effect of their shape on immune responses, we printed cuboid-shaped ANPs with distinct ARs in a range of 1--10 (AR1: 500 nm × 500 nm × 500 nm, AR3: 500 nm × 500 nm × 1.5 μm, AR10: 500 nm × 500 nm × 5 μm) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). First, the uptake behavior of ANPs by APCs was evaluated. The AR10 ANPs were incubated with macrophage-like RAW264.7 cells for 1 h. CLSM observation and flow cytometry analysis show that when RAW264.7 cells were exposed to AR10 ANPs, cell population above the threshold was 75.1%, which demonstrated that AR10 NPs were efficiently taken up by immune cells ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The cytocompatibility of ANPs was evaluated by the leakage of LDH, which is an intracellular enzyme and is leaked when the cell membrane is damaged. From the results obtained, all ARs of 3D-printed ANPs might be cytocompatible at 50 μg/mL ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). Finally, we addressed the induction of immune responses using ANPs by measuring the secretion of TNF-α. When the APCs are stimulated by pathogens, they secrete many proinflammatory cytokines such as TNF-α and interleukins and initiate immune reactions.^[@ref28]^ We found that the secretion of TNF-α substantially increased using 3D-printed ANPs (more than 4-fold increase), while as-prepared proteins showed no immune induction compared to the control ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). These results indicate that ANPs have the ability to enhance the immune response. While small soluble antigens showed little uptake by APCs at 50 μg/mL, micrometer-sized particulate antigens may be taken up efficiently through the endocytosis pathway.^[@ref17]^ Furthermore, a higher AR of ANPs induced higher secretion of TNF-α. Surprisingly, AR10 ANPs showed a 58-fold increase of the secretion of TNF-α, even though the number of AR1 ANPs was 10 times as much as that of AR10 ANPs theoretically, suggesting strong shape-dependent immune induction. Compared to spherical particles, the high AR of long ANPs might show higher adhesion probability and disruption of the cell membrane due to tumbling and larger contact area with cell membranes.^[@ref16],[@ref18],[@ref29],[@ref30]^ Thus, this MPL-based 3D-printing system of ANPs may serve as a new platform to fabricate 3D-shape-designed antigen particles.

![(a) Schematic illustration and phase-contrast images of ANPs with distinct ARs in the range of 1--10 (AR1: 500 nm × 500 nm × 500 nm, AR3: 500 nm × 500 nm × 1.5 μm, AR10: 500 nm × 500 nm × 5 μm). (b) CLSM image and flow cytometry analysis of uptake of ANPs (100 mg/mL, AR10) by RAW264.7 after 1 h of incubation. (c) LDH assay of control (without antigen), as-prepared antigens (50 mg/mL), and ANPs (with AR1, AR3, and AR10). The values of LDH were standardized by that of DMEM. There were no significant differences (*n* = 3). (d) ELISA assay of TNF-α secreted from RAW264.7 when exposed to as-prepared antigens (50 μg/mL) and ANPs (with AR1, AR3, and AR10) for 24 h. \*\**P* \< 0.01 when compared with the control (Tukey--Kramer method, *n* = 3). The n.s. denotes no significant difference. Scale bars, 10 μm.](bm9b01775_0004){#fig4}

We summarized the comparison of 3D-printed ANPs to other protein particle systems ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01775/suppl_file/bm9b01775_si_001.pdf)). Self-assembled antigen particles have the advantages of nanoscale fabrication, dispersity, and cytocompatibility, while these lack versatility in protein type due to the need for specific physical interactions like hydrophobic and electrostatic interactions to form a particle. The chemical cross-linking of antigens might be a versatile fabrication method. However, toxic cross-linkers such as dithiothreitol may remain in particles and substantially impair the protein activity. Spray-freeze-drying processes, though highly versatile, cytocompatible, and active, they have limitations in nanoscale fabrication and dispersity. None of the conventional methods can design the geometry of antigen particles. Although the molding method allows for geometrical control, it is limited only to the fabrication of 2D structures. We show that the MPL-based 3D-printing approach produces monodisperse, versatile, and cytocompatible antigen particles with a geometric design on a nanoscale. For further development of this system, nanoparticle designs that can induce endosome escape need to be elucidated for enhancing the efficacy of antigen delivery. In terms of denaturation of antigens after MPL, radical reactions might cause denaturation. However, the antigens, after cellular uptake, are degraded to peptides in the endosome and only several amino acid sequences are required for immune induction.^[@ref31]^ Therefore, the effect of denaturation of antigens could be a negligible problem for vaccine systems. This method has enormous potential to overcome these limitations toward a novel vaccine delivery system.

Conclusions {#sec4}
===========

In conclusion, we developed a carrier-free and 3D-shape-designed ANP by an MPL-based 3D-printing approach. This 3D-lithographic approach provides freedom for the precise design of particle shapes with a nanoscale resolution. The obtained ANPs displayed high complexity of micro/nanoscale features and versatility for protein types including BSA, OVA, and gelatin. The ANPs with distinct ARs showed uptake by macrophage-like cells, and LDH assays suggested that ANPs were cytocompatible. Importantly, the ANPs enhanced the secretion of TNF-α and the higher AR of particles substantially amplified the secretion. The 3D-printing approach for the rational design of nanomaterials with increasing safety, complexity, and efficacy has enormous potential to develop an efficient drug-delivery carrier for vaccine delivery and may offer a mechanistic understanding of structure--function relationships.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.biomac.9b01775](https://pubs.acs.org/doi/10.1021/acs.biomac.9b01775?goto=supporting-info).FT-IR measurement and DLS measurement of nanoparticles; Fourier transform infrared spectroscopy (FT-IR) spectra of BSA, RB, and BSA ANPs; DLS measurement of BSA--OVA ANPs in PBS after freeze-drying; comparison of 3D-printed ANPs to other protein particle systems ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01775/suppl_file/bm9b01775_si_001.pdf))
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